To evaluate the impact of contemporary therapy on the clinical outcome of children with pre-B acute lymphoblastic leukemia (ALL) and the t(1;19)/TCF3/PBX1, we analyzed 735 patients with B-cell precursor ALL treated in four successive protocols at St Jude Children's Research Hospital. The 41 patients with the t(1;19) had a comparable event-free survival to that of the 694 patients with other B-cell precursor ALL (P ¼ 0.63; 84.2±7.1% (s.e.) vs 84.0 ± 1.8% at 5 years). However, patients with the t(1;19) had a lower cumulative incidence of any hematological relapse (P ¼ 0.06; 0 vs 8.3 ± 1.2% at 5 years) but a significantly higher incidence of central nervous system (CNS) relapse (Po0.001; 9.0±5.1% vs 1.0±0.4% at 5 years). In a multivariate analysis, the t(1;19) was an independent risk factor for isolated CNS relapse. These data suggest that with contemporary treatment, patients with the t(1;19) and TCF3/PBX1 fusion have a favorable overall outcome but increased risk of CNS relapse.
Introduction
The t(1;19)(q23;p13), leading to the production of the TCF3/ PBX1 fusion transcript, is one of the most common translocations in pediatric B-cell precursor acute lymphoblastic leukemia (ALL). [1] [2] [3] The N-terminal transactivation domain of TCF3(E2A), a helix-loop-helix protein-coding gene on chromosome 19 , is fused to the C-terminal DNA-binding homeodomain of PBX1, the pre-B-cell transforming gene on chromosome 1. The chimeric protein interferes with hematopoietic differentiation by disrupting both the expression of HOX genes and the targets of the TCF3 transcription factor. 4 TCF3/PBX1 genotype has been correlated with high initial leukocyte count, non-white race and absence of hyperdiploidy. 5 Early studies showed that patients with the t(1;19) have an inferior outcome compared with patients lacking this translocation. [1] [2] [3] [6] [7] [8] We have previously reported that intensified chemotherapy improved outcome of patients with the t(1;19), 9 an observation later confirmed by other groups. 10, 11 The improved treatment outcome with contemporary therapy has led many study groups to exclude this genotype from routine risk assignment in recent clinical trials. In this report, we show that although patients with the t(1;19) have an overall favorable outcome when treated with contemporary therapy, they have a significantly higher incidence of central nervous system (CNS) relapse. Our finding argues for the need to identify this genotype for intensifying CNS-directed therapy to further improve the outcome in this group of patients.
Patients and methods
Between December 1991 and January 2008, 874 patients with ALL were enrolled onto four successive clinical trials (Total Therapy studies XIIIA, 12 XIIIB, 13 XIV 14 and XV) at St Jude Children's Research Hospital. The treatment protocols were approved by the institutional review board at St Jude, and Total XV was registered at ClinicalTrials.gov, number NCT00137111. Signed informed consent was obtained from the patient's parents or guardian with assent from the patients, as appropriate. Immunophenotype, cytogenetic and molecular genetic analyses were performed using standard methods, as described earlier. 5 Treatment plans have been described in detail previously. [12] [13] [14] In study XIIIA, all patients received triple intrathecal therapy on day 1, 22 and at the end of remission induction. Patients with CNS-2, CNS-3 or traumatic lumbar puncture with blasts received additional intrathecal treatments on days 8 and 15 of induction, and every 4 weeks during the first year of continuation therapy. Intensified intrathecal therapy was also administered to patients with high-risk features (T-cell ALL with leukocyte count of at least 50 Â 10 9 /l, B-cell precursor ALL with leukocyte count of at least 100 Â 10 9 /l, or the presence of t(9;22)[BCR-ABL1]), regardless of CNS status. Cranial irradiation plus five intrathecal treatments was given to patients who had CNS-3 status (24 Gy) or high-risk leukemia (18 Gy) . The number of intrathecal therapy was 13 for lower-risk cases and ranged from 21 to 26 for higher-risk cases. In study XIIIB, we intensified systemic therapy by substituting dexamethasone for prednisone in post-remission therapy. CNS-directed therapy was similar to that in study XIIIA except that cranial irradiation was limited to patients who had CNS-3 status (24 Gy), or with T-cell ALL and initial leukocyte count of 100 Â 10 9 /l or greater (18 Gy). The total number of intrathecal treatments ranged from 13 in lowerrisk cases to 26 in high-risk cases who received cranial irradiation. In study XIV, post-remission therapy was similar to that in Total XIIIB with some modifications including the use of higher dose methotrexate (5 g/m 2 for higher-risk cases and 2.5 g/m 2 for lower-risk cases), and dexamethasone. The total number of triple intrathecal treatments ranged from 16 in lowerrisk cases to 23 in higher-risk cases with CNS-2, CNS-3 or traumatic lumbar puncture with blasts status at diagnosis. None of the patients received prophylactic cranial irradiation, regardless of CNS status or other features at diagnosis.
In study XV, we revised the system of risk-assessment in which patients were assigned to low-, standard-and high-risk groups, based on sequential measurements of minimal residual disease. All patients received intrathecal therapy on day 1, 19 and at the end of remission induction. On days 8 and 26, additional intrathecal treatments were given to patients with high-risk features of CNS relapse (CNS-2, CNS-3, traumatic lumbar puncture with blasts, T-cell ALL with leukocyte count 450 Â 10 9 /l, B-cell precursor ALL with leukocyte count 4100 Â 10 9 /l, or the presence of t(9;22)[BCR-ABL1], MLL rearrangement, or hypodiploidy o45 chromosomes). Triple intrathecal chemotherapy was given every 8 weeks in low-risk cases and every 4 weeks in standard-or high-risk cases up to 1 year. Patients at high risk of CNS relapse continued to receive intrathecal therapy every 8 weeks until week 96 of continuation therapy. Depending on their CNS status, low-risk patients received 13-18 and standard-and high-risk cases 16-25, intrathecal treatments. No patient received prophylactic cranial irradiation.
We compared the outcome between 41 patients with pre-B ALL and the t(1;19)/TCF3-PBX1 and 694 patients with other B-cell precursor ALL. The TCF3-PBX1 fusion was confirmed with RT-PCR and FISH in all 33 cases tested. Molecular testings were not performed in the first eight cases because the probes were not available at that time. As all cases with the (1;19) have B-cell precursor phenotype, analysis was limited to patients with this immunophenotype and the 139 patients with T-cell ALL were excluded from the analyses. The median follow up time was 6.9 years (range, 0.22-16.0 years). Overall survival and event-free survival were estimated by the Kaplan-Meier method and compared with the Mantel-Haenszel (log-rank) test. The cumulative incidence of relapse was estimated by the method of Kalfleisch and Prentice and the functions were compared using the Gray's test to adjust for competing events. The duration of event-free survival was defined as the time from diagnosis until the date of treatment failure (induction failure, relapse, death or the development of a second malignancy) or until the date of last contact. Patients who did not attain a complete remission were considered failures to respond to therapy at time zero. The length of time at risk for relapse was computed from the date of achieving a complete remission to the date of relapse or the date of last contact, whichever came first. Death from nonrelapse cause and second malignancy were included in the analysis and treated as competing events. The Cox proportional hazards model was used to identify independent prognostic factors.
Results
The t(1;19)/TCF3-PBX1 fusion was detected in 41 (5.6%) of 735 children with B-cell precursor ALL. The TCF3-PBX1 genotype was significantly associated with black race, higher presenting leukocyte count and DNA index o1.16 ( Table 1 ). The incidence of overt CNS disease at presentation (CNS-3), blasts in cerebrospinal fluid (CSF) with o5 leukocytes per ml (CNS-2), and traumatic lumbar puncture with blasts were comparable between patients with the t(1;19) and those with other B-cell precursor ALL. Patients with the t(1;19) and those with other B-cell precursor ALL had similar early response rates to remission induction therapy as assessed by the levels of minimal residual disease measured by flow cytometry and/or PCR (undetectable or o0.01% at day 19 of remission induction in 48 vs 46%; and at the end of a 6-week induction in 91 vs 81%, respectively). Event-free survival was virtually identical in both groups of patients (P ¼ 0.63; 84.2 ± 7.1% (s.e.) in the t(1;19) cases and 84.0±1.8% in the other B-cell precursor cases at 5 years). There was also no difference in cumulative incidence of any relapse (P ¼ 0.80; 12.4±5.9% in the t(1;19) cases and 9.5±1.3% in the other B-cell precursor cases). Although no hematologic relapse occurred among the t(1;19) cases, the cumulative risk of any hematologic relapse at 5 years was 8.3 ± 1.2% in the other B-cell precursor cases (P ¼ 0.06).
Of the 41 t(1;19) cases, three had isolated CNS relapses, one had combined CNS and ocular relapse, and one had a secondary malignancy (chronic myeloid leukemia). Hence, the t(1;19) was associated with an increased risk of isolated CNS relapse (P ¼ 0.0002; 9.0 ± 5.1% vs 1.0 ± 0.4% at 5 years in other B-cell precursor cases), and of any CNS (isolated plus combined) relapse (P ¼ 0.005; 12.4 ± 5.9% vs 2.7 ± 0.7%; Figure 1) . In a multivariate analysis including age, presenting leukocyte count, race and CNS status at diagnosis, the t(1;19) was an independent risk factor for isolated CNS relapse (hazard ratio, 7.4; 95% confidence interval, 1.8-39.9; P ¼ 0.0059) or any CNS relapse (hazard ratio, 3.4; 95% confidence interval, 1.03-11.3; P ¼ 0.045). Similar conclusions were drawn when the effect of minimal residual disease level at day 19 of remission induction was also adjusted in multivariate analysis.
The different pattern of relapse translated into a slight overall survival advantage in the t(1;19) cases as compared to other B-cell precursor cases (96.4 ± 3.7% vs 88.7 ± 1.5% at 5 years; Figure 1 ).
The use of prophylactic cranial irradiation has decreased in our successive clinical trials (13% in study XIIIA, 3.9% in XIIIB and 0 in studies XIV and XV among cases with B-cell precursor ALL). Five (12%) of our 41 patients with t(1;19) received prophylactic cranial irradiation and none of these five patients developed CNS relapse. The three isolated CNS relapse and one combined CNS and ocular relapse in the t(1;19) cases developed among the 36 patients who did not receive prophylactic irradiation. Likewise, among the cases without t(1;19), none of 22 patients who had received prophylactic irradiation developed any CNS (isolated plus combined) relapse whereas the 672 patients who did not receive irradiation had a 5-year cumulative risk of relapse of 2.7±0.7%. After adjusting for the effect of prophylactic CNS irradiation, the presence of t(1;19) was associated with an increased risk of any CNS relapse (P ¼ 0.009). In a multivariate analysis, after adjusting for other risk factors as well as irradiation, the translocation is still associated with increased risk of CNS relapse (P ¼ 0.001).
Discussion
Our finding suggests that contemporary effective systemic therapy has led to improved hematological control but allowed the development of CNS relapse in patients with the t (1;19) . Kager et al. 11 reported three bone marrow relapses and one combined CNS and bone marrow relapse among 31 patients with t(1;19). Baruchel et al. 15 reported 13 bone marrow relapses and four CNS relapses among 110 patients with the t (1;19) . These results ostensibly weaken our finding. However, bone marrow relapse and CNS relapse are competitive events. As systemic control improves, the risk of CNS relapse could potentially be increased. In this regard, improved systemic therapy has led to increased CNS relapse in patients with acute promyelocytic leukemia or Philadelphia chromosome-positive leukemia. 16, 17 Our result underscores the importance of identifying patients with the t(1;19) to intensify not only the systemic therapy but also CNS-directed therapy to further improve treatment outcome in them.
Among this relatively small number of patients with the t(1;19), we were not able to identify any risk factors including the presence or absence of balanced translocation that would predict event-free survival (data not shown). [18] [19] [20] However, the
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Risk of CNS relapse .0001) . In this regard, the prognostic impact of blasts in the cerebrospinal fluid or traumatic lumbar puncture with blasts has varied in clinical trials, depending on the patient groups studied, the use of cranial irradiation and the intensity of intrathecal and systemic therapy. 21 All study groups have substantially decreased the use of prophylactic cranial irradiation, and some groups even limited the use of this treatment modality only to patients with CNS status at diagnosis. 21 Our study showed that the reduced use of cranial irradiation has not adversely affected the overall rates of CNS relapse, but could have uncovered subgroups at high risk such as the t(1;19) cohort. Although all our patients with isolated CNS relapse remain in second remission after a single course of therapeutic irradiation, efforts are being made to reduce CNS relapse and the need of salvage therapy. Thus, in our ongoing study XVI, we have increased the frequency of early intrathecal treatments in patients with t(1;19)/TCF3-PBX1.
